One of the hallmarks of the Gram-negative bacterium Pseudomonas aeruginosa is its ability to thrive in diverse environments that includes humans with a variety of debilitating diseases or immune deficiencies. Here we report the complete sequence and comparative analysis of the genomes of two representative P. aeruginosa strains isolated from cystic fibrosis (CF) patients whose genetic disorder predisposes them to infections by this pathogen. The comparison of the genomes of the two CF strains with those of other P. aeruginosa presents a picture of a mosaic genome, consisting of a conserved core component, interrupted in each strain by combinations of specific blocks of genes. These strain-specific segments of the genome are found in limited chromosomal locations, referred to as regions of genomic plasticity. The ability of P. aeruginosa to shape its genomic composition to favor survival in the widest range of environmental reservoirs, with corresponding enhancement of its metabolic capacity is supported by the identification of a genomic island in one of the sequenced CF isolates, encoding enzymes capable of degrading terpenoids produced by trees. This work suggests that niche adaptation is a major evolutionary force influencing the composition of bacterial genomes. Unlike genome reduction seen in host-adapted bacterial pathogens, the genetic capacity of P. aeruginosa is determined by the ability of individual strains to acquire or discard genomic segments, giving rise to strains with customized genomic repertoires. Consequently, this organism can survive in a wide range of environmental reservoirs that can serve as sources of the infecting organisms.
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comparative genomics ͉ horizontal gene transfer ͉ core and accessory genomes P seudomonads are environmental saprotrophs, and only P. aeruginosa is capable of causing serious human infections. This microorganism has the ability to express a variety of virulence determinants, and it is not surprising that it can cause experimental infections in plants, nematodes, insects, and animals. Moreover, the ability to cause a wide range of acute and chronic human infections suggests an evolutionary mechanism whereby the repertoire of genes facilitating its survival in a particular environment is highly flexible showing a great deal of diversity among natural isolates thriving in different habitats. It is also likely that the relatively large genome of most P. aeruginosa strains (5-7 Mb) could include a substantial set of conserved genes, coding for functions necessary for survival in most environments (1) . Human infections would therefore be a consequence of genome evolution in the environment where P. aeruginosa could encounter various hosts such as Caenorhabditis elegans, Drosophila melanogaster, Galleria mellonella, and Dictyostelium discoideum (2) . This pattern of evolution is in contrast to the decay of genomes seen during the adaptation of pathogens to a parasitic existence (3).
Respiratory tract infections by P. aeruginosa include acute pneumonia particularly in patients with neutropenia, immunosuppression or undergoing mechanical ventilation (4, 5) . Diffuse panbronchiolitis and respiratory disease in individuals with cystic fibrosis (CF) are two common chronic respiratory infections caused by P. aeruginosa (6) . CF patients often succumb to infections from organisms found in their immediate environment. The early course of the disease combines features of acute infection, followed by chronic adaptation that includes numerous genetic changes such as overproduction of extracellular alginate polysaccharides, loss of the ability to add O-side chains to lipopolysaccharide core sugars, and mutations in regulatory genes (7) .
To identify potential genomic determinants of P. aeruginosa adaptability, we determined the complete nucleotide sequence of two CF strains of different origin. Strain PA2192 is an isolate from a chronically infected patient in Boston and has undergone significant phenotypic adaptation characteristic of a majority of CF isolates, including conversion to mucoidy (due to a nonsense mutation in its mucA gene), production of lipopolysaccharide devoid of O-side chains, and lack of motility (8) . Strain C3719, the so-called Manchester epidemic strain, has been associated with enhanced virulence and transmissibility (9) . With the exception of mucoid conversion, it has also undergone similar adaptations associated with chronic CF isolates (9) . Comparison of these two genomes with published sequences of clinical isolates PAO1 (10, 11) , PA14 (12, 13) , and PACS2, show that the genetic repertoire of each P. aeruginosa strain has unique components, consisting of specific insertions of blocks of genes acquired by horizontal gene transfer (HGT), with simultaneous discarding of genetic information, all taking place at a limited number of chromosomal loci. It is apparent that the evolution of the P. aeruginosa genome is driven by selection for an ability to expand its environmental niches. To infect eukaryotic hosts, including humans, the bacteria use virulence determinants that are conserved in their core genomes.
Results and Discussion
Features of P. aeruginosa PA2192 and C3719 Genomes. The single circular 6,222,097-bp chromosome of P. aeruginosa C3719 contains 5,578 ORFs, whereas the genome of PA2192 is significantly larger (6,905,121 bp), with a predicted coding capacity of 6, 191 ORFs. The % (GϩC) content of 66.5 and 66.2 for C3719 and PA2192, respectively, was similar to those of other P. aeruginosa genomes [supporting information (SI) Table 1 ]. It has been proposed that the preferential location of essential genes on the leading strand drives the observed G/C strand bias seen in different bacterial genomes (14) . The dif sequence (GATTCG-CATAATGTATATTATGTTAAAT) for replication termination was found at loci predicted from GC-skew maps (SI Fig. 4 ; ref. 15) . The leading strands show the expected strand bias for both coding sequences and essential genes (PA2192, 54.7% and 65%, respectively; C3719, 54.5% and 66%, respectively), similar to that seen in other P. aeruginosa strains (PAO1, 56.1% and 67%, respectively; PA14, 54.4% and 66%, respectively; refs. 16 and 17) . Comparison of the corresponding biases for coding sequences and essential genes in Escherichia coli (55% and 75%, respectively) and Bacillus subtilis (75% and 96%, respectively) shows that the leading strand bias for essential genes is significantly higher in both genomes (18) .
The relationship of PA2192 and C3719 to other sequenced genomes was also determined by concatenating 1,836 ORFs with orthologs in all strains including P. fluorescens ORFs as outgroup (see SI Text and SI Fig. 5 ). The phylogenetic tree for the six P. aeruginosa strains agreed reasonably well with the origin and phenotypes of the genomes analyzed. The multihost pathogen, PA14, followed by PA2192, appears to be less related to the others, perhaps reflecting their large genome sizes. The two epidemic strains C3719 and LES were most closely related to each other. A list of 144 phylogenetically useful genes (PUG) was compiled from the ORFs whose individual phylogenetic trees agreed with the concatenated tree from above and that had at least three parsimony informative sites (SI Table 2 ). The PUG list provides good candidates for typing of strains, useful in high-resolution phylogenic analyses of closely related strains that are often needed for epidemiological studies of clonal variants.
A skew in strand-specific G/C revealed a significant asymmetry implying ancestral rearrangements, similar to that observed for the genome of PAO1 (11) but not in PA14 (13) . G/C skew asymmetry is also found in the genome of PA2192 but not in C3719 (SI Fig. 4 ). Therefore, an inversion has very likely occurred in the genome of PA2192. In addition to PAO1 and PA2192, strain PACS2 has also undergone a similar genomic rearrangement supported by its asymmetrical G/C skew plot (data not shown). A comparison of gene order (synteny) in the P. aeruginosa genomes is shown in Fig.  1 . The site of the rearrangements of the PAO1, PA2192, and PACS2 genomes suggests that the inversions resulted from recombination between the ribosomal RNA operon transcribed from the lagging strand (rrnA) and one of the three other ribosomal RNA operons transcribed in the opposite direction from the leading strand (rrnB-D). In strain PAO1 the recombination occurred between rrnA and rrnB as shown in ref. 13 , in PA2192 between rrnA and rrnD, and in PACS2 between rrnA and rrnC ( Fig. 1) . The relatively common occurrence of inversions of large segments of the chromosome by recombination between two conserved rrn genes seen here and before (19) suggest that any physiological consequences in gene expression or in genome stability, when the location of a significant number of genes is changed, are minimal.
The Genome Architecture. Comparison of the annotated genes in the P. aeruginosa PA2192 and C3719 genomes with those in other P. aeruginosa genomes revealed an extensive conservation of a set of genes that are shared by all of the strains (SI Fig. 6 ). There are 5,021 genes that are conserved across all five genomes analyzed, with at least 70% sequence identity. This set of genes will, henceforth, be referred to as the P. aeruginosa core genome. Of these, Ͼ90% of the genes share at least 98% sequence identity (data not shown). The genome for each strain carries a relatively modest number of unique sequences, 10% or less of the number in the core genome, ranging from 79 in C3719, to 507 in PA2192. Less than 100 genes are unique to pairs of genomes, whereas the number decreases significantly when comparison is carried out among sets of three or four genomes.
Given the conservation of synteny and the large number of core genes, the overall architecture of the pangenome of P. aeruginosa PA2192, C3719, PAO1, PACS2, and PA14 can be represented as a circular chromosome with dispersed polymorphic strain-specific segments, flanked by conserved genes referred to as anchors ( Fig. 2 and SI Table 3 ). We designated these strain-specific segments as regions of genomic plasticity (RGP) and they include any region of at least four contiguous ORFs that are missing in at least one of the genomes analyzed. We designate the accessory genome as the set of genes comprising the sum of unique RGPs and the individual genes or gene clusters of less than four genes that are missing in at least one strain. Thus, any individual strain consists of the core genome plus a select subset of genes from the accessory genome. The RGPs can be sites of insertions of common or unique genomic islands and bacteriophage genomes, or the result of deletions of particular segments of DNA in one or more strains. Therefore, the RGP designation does not make any assumption about the evolutionary origin or genetic basis of these variable chromosomal segments.
The number of RGPs in individual genomes varies from 27 to 37. A total of 52 RGPs were identified in the five genomes analyzed (Fig. 2) . The genetic organization of each RGP and their annotation is shown (SI Fig. 7 ) with accompanying functional annotations for each gene (SI Table 3 ). Occasionally, certain DNA segments seen in one RGP in one strain can be seen in a different RGP in another strain. Most frequently, this Large inversions in various P. aeruginosa chromosomes. Whole genome alignments for all five strains of P. aeruginosa were generated using an anchor-alignment software Murasaki (http://murasaki.dna.bio.keio.ac.jp/; ref. 27 ). Scale in Mb is shown at top. Green, vertical arrowheads represent the rRNA operons. All alignments were performed on genomic sequences reset to the location of the origin of replication (see SI Text). PAO1, PACS2, and PA2192 have large inversions that appear to be anchored at rRNA operons [between rrnA and rrnB (PA01) or rrnC (PACS2) or rrnD (PA2192)]. PA2192 is given a color gradient so that corresponding alignment blocks may be easily visualized in the compared genomes.
involves insertion of mobile genetic elements into different sites in different strains. For example, RGP42 is the location of the Pf1 prophage in the genome of PA2192, whereas in C3719, the same element is in a different location (RGP8), where it is inserted into a seven gene cluster appearing to be remnants of an integrated plasmid or an integrative conjugative element.
Functional Content of P. aeruginosa Genomes. The analysis and comparison of RGP gene content reveals a diversity between strains. PA14 contains the largest number (seven) of unique RGPs not found in any of the other genomes, whereas the genome of PACS2 has one unique RGP (SI Table 1 ). PAO1 contains a single unique RGP, whereas PA2192 and C3719 each have six and three strain-specific RGPs, respectively. The rest of the RGPs are shared by at least two strains and 12 RGPs are found in four of the five strains. What is remarkable for this group of strains is the highly customized nature of their genomes, beyond the basic core set. As all of the strains analyzed are pathogenic, the virulence mechanism must be conserved and maintained through evolutionary pressure as suggested by our previous analysis of gene content using DNA microarrays (20) .
The distribution of ORFs specifying different functional categories between the core and accessory genome was compared between PA2192, C3719, PAO1 and PA14 (SI Fig. 8 ). In general, the genes in the core genome contain the majority of housekeeping genes. For a number of functional categories, the percentage of ORFs in the core and accessory genomes was not significantly different. The accessory genome is significantly enriched in ORFs of unknown function or those related to transposons and bacteriophages (particularly in strain PA2192). In the category of genes encoding carbon compound catabolism, strain PA2912 is an exception, with a disproportionately high fraction of such ORFs in its accessory genome, drawn partially from a genomic island encoding enzymes of abietane diterpenoid (Dit) degradation. In contrast, the proportional contribution of functional categories that include translational and posttranslation modification, degradation and transcription/ RNA processing and degradation, compared with the core and the accessory genomes of the other three strains, is significantly reduced.
The overall analysis of the total accessory genome is consistent with the examination of functional groups of ORFs encoded in individual RGPs (SI Fig. 9 ), although the distribution of various ORFs belonging to different functional categories is highly variable between individual RGPs. For example, ORFs for hypothetical unknown proteins account for the entire coding capacity of RGP24, -25, -43, -58, and -62 and they represent Ͼ70% of the genes in RGP2, -22, -33, -44, -50, and -52. In Evolution of the Mosaic P. aeruginosa Genome. Analysis of orthologs was used to estimate the evolutionary origin of individual genes. BLASTX hits (against the NR database) showed that Ϸ42% of the ORFs in the core genome had best hits outside the genus Pseudomonas, whereas the corresponding number for the accessory genome was 66%. These genes may have been acquired by HGT (SI Table 4 ). The hits were to the genus Azotobacter, a closely related ␥-proteobacterium, and to Burkholderia and Cupriavidus (formerly Ralstonia), two ␤-proteobacteria. It is therefore apparent that the genetic relatedness as well as potential coinhabitation of the same environmental reservoirs by Pseudomonas, Azotobacter, Burkholderia and Cupriavidus significantly enhances the likelihood of gene acquisition by HGT. Several RGPs very likely arose as the result of deletions of blocks of DNA. For example, RGP20 contains a cluster of 45 genes in strain PAO1, and it is highly conserved in the other genomes (20) but is completely absent from the genome of C3719 (SI Fig. 7 ). Closer examination revealed that the two genes flanking this RGP in the other strains, were fused in C3719 into a single ORF (fusion of PACG00990 and PACG00991) creating a chimeric gene encoding a putative 937-residue protein that consists of the 851 N-terminal amino acids derived from the coding sequence of the right anchor (PA2070 in the PAO1 genome) and an 86-aa C-terminal segment derived from the sequence of the left anchor (PA2024). Although the majority (91%) of its coding sequence is derived from PA2070, a putative outer membrane siderophore receptor, it is unclear whether this newly created protein in C3719 retains its biological function.
A number of individual RGPs show highly variable sequences indicative of hotspots for the integration of horizontally acquired genes. For example, in different strains, RGP5 inserted in a tRNA Gly gene, contains several blocks of unrelated genes. In PAO1, RGP5 consists of 16 genes, of which 10 are related to bacteriophage Pf1. In strain PA2192, the 33 genes encode largely hypothetical unknown proteins, with a few related to bacteriophages and enzymes of DNA metabolism. In contrast, of 23 genes in RGP5 of PA14, all specify proteins that can be placed into well defined functional categories, related to various transporters and iron metabolism. In addition to incorporating heterologous DNA sequence into conserved chromosomal sites, some RGPs can arise by the decay (deletions) of portions of an ancestral element, leaving nonoverlapping segments that would appear as unique horizontally acquired segments. This pattern was previously described for the evolution of variants of the genomic island (RGP7) in certain strains carrying the gene for the cytotoxin ExoU (21).
Excision of RGPs. Many of the RGPs are located adjacent to tRNA genes, which frequently serve as insertion sites (attB) for bacteriophages or integrative and conjugative elements (ICE). The transmission of these mobile elements requires excision from the chromosome and formation of a circular intermediate. We screened 14 RGPs (RGP2, -5, -7, -8, -17, -26, -27, -28, -29, -41, -42, -58, -60, and -62) that are adjacent to various tRNA genes, and the tmRNA gene-linked RGP6, for the excision and formation of circular intermediates (SI Fig. 7) . We designed PCR primers (SI Table 5 and Fig. 3A) to target the left and right junctions of each RGP (primers P1/P3 and P2/P4), the excision event (primers P1/P2) and the circularized form of the element (primers P3/P4). For those elements where excision or circularization was detected, the PCR products were sequenced. From the sequence of the restored attB sites, the sequence of the DR ends of the element was identified (SI Table 6 ). RGP41 is the Pathogenicity Island 1 (PAPI-1) that has been previously shown to excise and circularize in strain PA14 (22) . The excision of this island was observed in strains PA14, PA2192, C3719, and PACS2; however, the circular intermediate was not detected in PA2192. The absence of circular form in PA2192 could be due to lack of expression of the integrase gene, or the consequence of two mutations in the att sites of the integrated element, preventing its excision.
Excision of RGP5 was observed in strains PAO1, PA14 and PA2192 but a circular intermediate was only detected in PA2192. The weak bands observed with primers P1/P2 and P3/P4 in strain PACS2 appear to be nonspecific amplifications (Fig. 3B ). RGP8 and RGP17 are two bacteriophage-like elements, found in strains C3719 and PA2192, respectively. RGP8 in C3719 carries an integrase gene; its product may be responsible for the excision of the element, however RGP17 does not carry a gene encoding integrases or excisionases. RGP62, unique to PACS2, is a cluster of 11 genes mostly of unknown function, but with two genes related to phage sequences and a coding sequence for a putative integrase. The excision of this element and a circular intermediate was detected in PACS2 (Fig. 3B) .
Evolution of RGP29 in Strain PA2192 and Acquisition of New Metabolic
Capabilities. The large size of the chromosome of PA2192 is due in part to the presence of a variant of RGP29, a 224-kb complex genetic element integrated into a tRNA Gly gene, the last of a cluster of three tRNA genes (tRNA Gly -tRNA Gly -tRNA Glu ; SI Fig. 10 ). The last tRNA Gly gene is missing in C3719 as a result of an apparent 160-bp deletion.
The complex arrangements of the RGP29 in PA2192 appear to be the consequence of sequential insertion of several mobile genetic elements. We have identified pairs of direct repeats that define the att sites that could be used during integration into the chromosome in this region (SI Fig. 11 ). The 3Ј end of the last tRNA Gly gene of the three tRNA gene cluster contains sequences that are duplicated within RGP29, suggesting that this tRNA gene contained the target (attB) site for the integration of two elements acquired by HGT. A 15 bp sequence, TTG-GAGCGGGAAACG, is repeated at the boundary with the sequences found in PA14, C3719 and PACS2 (SI Fig. 11) . A shorter 12-bp segment (TTGGAGCGGGAA) of the 3Ј end of the same tRNA gene is also found approximately in the middle of the element. The portion of RGP29 between these shorter repeats flank a 105-kb segment of DNA that is identical to the genomic island PAGI-2 described in the C-clones of P. aeruginosa (ref. 23; SI Fig. 10 ). To the left of PAGI-2 is a 112-kb DNA segment, and we refer to this element as the Dit Island (see below). We hypothesize that PA2192 acquired these elements by two consecutive integration events using the nearly identical attB sequence found in the 3Ј end of the tRNA Gly gene. The direct repeats that flank these elements share a high level of sequence conservation, yet because they apparently originated by duplication of the same 3Ј portion of the tRNA Gly gene, we can predict the sequence of events that resulted in acquisition of these two elements. First, the Dit Island was integrated into the 3Ј end of tRNA Gly gene duplicating the 14-bp att site. This was followed by insertion of PAGI-2 into the same site of the tRNA Gly gene, resulting in duplication of the 11-bp sequence (SI Fig. 11 ). Because the att sites are similar, it is conceivable that integrases responsible for site-specific recombination between the att sites on the chromosome and the island are related. An integrase gene (PA2G02184) is located on PAGI-2, whereas the Dit Island carries two integrase genes (PA2G02064 and PA2G02069) (SI Fig. 10 ). Sequence alignment of these three proteins revealed that the integrase on the Dit Island shares 57% sequence identity with PA2G02069, whereas no similarity was found between PA2G02064 and any of the other two integrases. This would suggest that the two related integrases independently mediated the insertion of the Dit Island and PAGI-2 into the same attB site in the tRNA Gly gene.
The Dit Island contains a cluster of 95 genes (PA2G01975 to PA2G02069) related to dit genes in other bacteria, encoding proteins of abietane diterpenoids metabolism (SI Fig. 12 ). These compounds are synthesized by trees as defense molecules and several bacteria, including Pseudomonas abietaniphila and Burkholderia xenovorans, can use abietane diterpenoids as the sole carbon source (24, 25) . Twenty-three of the P. aeruginosa dit genes (PA2G01983 to PA2G02008) are highly homologous to genes in P. abietaniphila BKME-9 (62-91% sequence identity of their protein products) with conserved synteny (26) . Several orthologs are found in the B. xenovorans genome, although synteny with the PA2192 is less conserved. Conservation of the majority of genes associated with diterpenoid metabolism suggests that PA2192 could use these compounds as a sole source of carbon and energy.
One of the striking features of the P. aeruginosa PA2192 Dit Island is the extent to which certain gene families appear to have expanded. The genes encoding the catalytic subunits of the dioxygenase (DitA1a, A2a; DitA1b, A2b; SI Fig. 12 ) and the P450 monoxygenase (DitQa, DitQb) are duplicated within the island. The PA2192 Dit Island encodes three genes for ferredoxins, with one (PA2G02042) sharing significant identity (81%) with DitA3 of P. abietaniphila. A total of eight potential transporters of abietanes are encoded on the Dit Island. Three are paralogous proteins (PA 2G02008, PA 2G02018, PA2G02045), having one homologue in P. abietaniphila (Orf2) and two in B. xenovorans (BxeC0615 and BxeC0580). The ortholog of PA2G02002 in P. abietaniphila is DitE (absent in B. xenovorans). PA2G02028 shares significant similarity (57%) with B. xenovorans BxeC0645 whose expression was shown to be induced by growth of the bacteria on dehydroabeitic acid (25) .
Concluding Remarks
The comparative analysis of P. aeruginosa genomes presented here supports one of the recently recognized principles of prokaryotic evolution. In contrast to highly host adapted pathogens and symbionts undergoing genome reduction, a number of environmental organisms continually expand their genomic repertoires. In P. aeruginosa genomes, there is a conserved core component and an accessory component consisting of additional strain-specific regions formed by acquisition of blocks of genes by HGT in some strains and deletions of specific chromosomal segments in others. Using genetic mechanisms that facilitate the movement and alteration of genetic material in bacteria, P. aeruginosa is able to customize its genome to fit the needs for survival in virtually any environment. One of the more striking examples of genome expansion is the acquisition by PA2192 of a large cluster of genes involved in diterpenoid metabolism. A set of genes (found on the Dit Island) was added en bloc to its genomic repertoire allowing this particular strain to grow in environments rich in abietane diterpenoid resins that are produced primarily by trees. The same strain also infected a CF patient and was able to establish a persistent infection lasting for years. Expansion of nutritionally restricted niches by acquisition of novel metabolic capabilities through HGT appears to be a key evolutionary force shaping the P. aeruginosa genome and is reflected in the genome plasticity of individual strains. Importantly, the acquisition of new genetic elements, and consequently new traits does not eliminate others, and the organism retains its ability to thrive in the widest possible range of environments, including an infected human host.
Materials and Methods
Sequencing, Assembly, and Annotation. Information on sequencing, assembly and annotation can be found in the SI Text. Subsequent to the generation of the draft assembly and annotation, PCR-based screening of PA2192 was performed to verify locations of rRNA operons that were in the gaps.
